
 

APPENDIX F 
 

RIVERBANK ARMOR ELEVATION BACKUP 

MK01|O:\20121001.103\FINBOD.DOC  11/1/04 



Appendix F 
Riverbank Armor Height: Riparian Vegetation Approach 
 
Objective 
 
To prevent scour of the riverbank and mobilization of contaminated sediments. 
 
Conceptual Approach 
 
After riverbank soils are removed, banks will be revegetated using native species.  Once plants 
or seeds are installed, there will be a period when plants are getting established (e.g., root 
development, ground cover) and the soil surface is prone to scour.  During this period erosion 
control blankets will be utilized to prevent scour.  The rate of plant establishment varies 
depending on the species, planting stock, plant maintenance, channel geometries, weather, soil, 
disease, and flooding, but generally will range from 1-3 years.   
 
Riparian vegetation communities capable of providing scour resistance typically begin at some 
level up the bank slope.  The specific elevation depends on the flood frequency and associated 
hydraulic characteristics (e.g., shear stress, scour resistance), plant species (e.g., tolerances to 
flooding), channel geometries, and bank soil types.  Along a given riverbank slope, the transition 
from relatively unvegetated to vegetated varies for each river system but typically occurs at an 
elevation associated with flood events between the 1- to 3-year frequency.  The specific flood 
frequency depends on the watershed, channel, and climatic characteristics and is called the 
bankfull event.  
 
Assuming no other bank erosion process (e.g., slumping) is occurring and erosion blankets were 
installed below the elevation of the bankfull event (i.e., from the riverbed to the 1-yr event), they 
would initially provide short-term scour resistance.  However, as the blankets deteriorated (2 - 4 
years) they would begin to loose scour resistance and subsequently cause bank instability.  
Hence, to provide long-term scour resistance some type of armor is needed below bankfull 
elevation. 
 
At river stages above bankfull, riparian vegetation becomes established within the life of the 
erosion blanket and then plant colonization provides the needed scour resistance over the long-
term.  The key design element for this stabilization approach depends on identification of the 
bankfull elevation.   
 
Bankfull elevation 
 
Field measurements taken during the aquatic habitat survey in July 2000 and HEC-RAS model 
results were utilized to estimate bankfull elevation.  Channel measurements were collected from 
seven transects within the first reach of the 1.5-mile reach.  The survey was conducted during 
low flow conditions (34 - 38 cfs) and bankfull elevations were measured at each transect using a 
stadia rod.  The primary bankfull indicator used was a change in vegetation (e.g., from bare soil 
to grasses, herbs, and shrubs).  From the low flow water surface, the average stage increase to 
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bankfull was 2.2 ft.  Because the vegetation transition was not always well defined, we 
recommend a more conservative estimate of 2.5 ft be used. 
 
The HEC-RAS model showed the stage elevation of 40 cfs is approximately 971 ft.  With the 
addition of the stage increase to bankfull (2.5 ft), bankfull elevation would be approximately 
973.5 ft.  This would also be the top-of-the-bank armor elevation.   
 
Assumptions 
 
The armor height determination is based on the following assumptions: 
 

(1) Critical transition is between bank armor and revegetation areas.  Assumes that 
bioengineering methods (i.e., vegetated geogrids) have a higher scour resistance than 
straight revegetation methods (i.e., erosion blanket). 

 
(2) Shear stress along the riverbank is greatest at the river bottom and decreases upslope.  

Average shear stress at the 10-yr event (design flood) ranges from 0.20 to 0.33 lbs/sf.  
(Based on HEC-RAS results; HC 1/01) 

 
(3) Average channel velocity is greatest in the center of the channel near the surface and 

decreases towards the bed and the bank.  Maximum channel velocity at this event ranges 
from 5.0 to 6.0 ft/s. (Based on HEC-RAS results; HC 1/01).  Maximum channel velocity 
along the bank is estimated at 2.0 to 2.5 ft/s. 

 
(4) The erosion blanket we are proposing is 100% coir with the following range of 

manufacturer specifications: max velocity 10 - 15 ft/s and shear stresses of 2.3 to 3.0 
lbs/sf.  These blankets are estimated to last 2 - 4 years with the assumption that 
herbaceous and woody vegetation will become established during decay and provide the 
needed soil protection afterwards 

 
(5) Using a conservative factor of safety of 3.0 to account for pulses/localized maximums 

(Fischenich and Allen, 2000), manufacturer estimates for erosion blanket specifications, 
and HEC-RAS assumptions, the maximum bank shear stress and velocity are 
approximately 1.0 lbs/sf and 7.5 ft/s, respectively.  These conditions are below 
specifications listed for the erosion blanket.  

 
(6) Armor elevation is based solely on scour of revegetation areas.  Additional analyses are 

also needed to fully assess and determine the bank armor elevation.  These include a 
geotechnical analysis for slope stability, a more detailed assessment of the shear stress 
and velocity distribution along the riverbank, and an assessment of scour due to ice flows 
and woody debris.   
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APPENDIX G 
 

SUMMARY TABLES OF PROPOSED RIVERBANK GRADES AND 
STABILIZATION METHOD 
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  Proposed Riverbank Grades and Stabilization Method [Woodlot Alternatives 7/7/01]: 
 

West Bank East Bank Estimated Station 
Impacts 

Bank Armor Slope Above Bank Armor Bank Armor Slope Above Bank Armor Station 

Existing 
Grade 
(H:1V) 

Proposed 
Grade 
(H:1V) 

Existing 
Grade 
(H:1V) 

Proposed 
Grade 
(H:1V) 

Stabilization 

Comments 
Existing 
Grade 
(H:1V) 

Proposed 
Grade 
(H:1V) 

Existing 
Grade 
(H:1V) 

Proposed 
Grade 
(H:1V) 

Stabilization 

Comments Excavation 
Increase 

FSC 
Change 

500+00 *1.6 1.6 *1.6; flat 1.6; flat Rock Armor 
Drainage feature present? Grade change occurs at 
500+15 (armor to soil transition); decrease grade to 
2.5:1 (limit of excavation increase will be needed). 

NA  NA  Rock Armor  
  

500+50 1.6 1.8 *2.1 2.5 Revegetation Decrease bank armor grade (Geotech). Increase in 
limit of excavation needed (3.1 ft).   NA  NA  Bioengineering  

 
 

X 

 
 
I 

501+00 2.0 2.0 2; 4 2.9 Revegetation Decrease revegetation grade (Construction). NA  NA  Bioengineering   
X 

 
I 

501+50 1.7 1.8 2; *7.8 2.8 Revegetation Decrease bank armor grade (Geotech) and 
revegetation grade (Construction). NA  NA  Bioengineering  

 
X 

 
I 

502+00 2.9 3.0 2.5; 10 3.0 Revegetation Decrease bank armor and revegetation grade 
(Construction). NA  NA  Bioengineering Undisturbed bank portion between end of 

bioengineering and Sta 502+50.  Check tie in.  
 

X 
 
I 

502+50 2.4 2.4 2.7; 11.1 2.7; 11.1 Revegetation Composite slope. 1.3 1.5 *1.3; flat 2.7 Revegetation Decrease bank armor grade (CENAE).  Decrease 
revegetation grade (Construction/Geotech). 

 
 

 

503+00 2.0 2.0 *4 3.6 Revegetation Increase revegetation grade (Construction). 0.8 1.5 0.9; 6.3 2.0 Revegetation Decrease bank armor grade (CENAE/Geotech).  
Increase in limit of excavation needed (0.5 ft).   

  

503+50 2.4 2.4 2.3; 10.6 2.5 Revegetation     1.1 1.5 1.3; 8.0 2.0; 8.0 Revegetation Decrease bank armor grade (CENAE/Geotech).  
Composite revegetation slope. 

 
 

 

504+10 1.5 2.0 2; flat 2.5 Revegetation 
Decrease bank armor and revegetation grade 
(Geotech).   Outfall present @ STA 504+00; Station 
moved downstream to be more representative.  

NA NA   
 None Drainage Swale Outlet 

 
X 

 
I 

504+50 1.9 2.3 1.8; 4 2.3 Revegetation.   Decrease bank armor and revegetation grade 
(Geotech).    *1.8 1.8 *2.9 2.9 Revegetation     

 
X 

 
I 

505+00 1.2 2.3 2.3 2.3 Revegetation Decrease bank armor grade (Geotech).  Small pool 
gets partially filled. 1.8 1.8 0.8; 1.3; 

flat 2.0 Revegetation Increase in limit of excavation needed (1.7 ft). 

 
 

X 

 

505+50 1.8 2.3 1.9 2.3 Revegetation 
Decrease bank armor and revegetation grade 
(Geotech).   Increase in limit of excavation needed 
(2.0 ft).    

1.7 1.7 1.5; 28.7; 
2.0 

2.0; flat; 
2.2 Revegetation 

Decrease revegetation grade 
(Restoration/Construction).  Composite 
revegetation slope. 

 
 

X 

 

506+00 1.0 2.0 1; 4 2.8 Revegetation Decrease bank armor and revegetation grade 
(Geotech/Construction). 1.8 1.8 *2.0; 22.4 2.1;22.4 Revegetation Composite revegetation slope. 

  
D 

506+50 1.5 2 1.5; flat 2.4 Revegetation  Decrease bank armor and revegetation grade 
(Geotech). 1.3 1.5 

7.4; 2.4; 
flat; 1.8; 

4.0 

7.4; 2.4; 
flat; 2.5 Revegetation Decrease bank armor grade (CENAE).  

Composite revegetation slope (Construction).  

  

507+00 2.1 2.2 *3.0 3.0 Revegetation Revegetation ends at STA 507 + 10.  0.9 1.5 
0.8; 4:1; 

flat; -10.0; 
2; 13.8 

2.0; flat; 
2.0; flat Revegetation Decrease bank armor grade (CENAE).  

Composite revegetation slope. 

  

507+50 
(outfall) 0.3 NA 0.5; *6.3 NA Rock armor Design completed by Hart Crowser, Inc.  Fill 

proposed. 0.9 1.5 
1.0; *3.4; -
flat; 1.8; 

flat 

2.6; flat; 
2.0; flat Revegetation Decrease bank armor grade (CENAE).  

Composite revegetation slope. 

 
 

 
D 

508+00 0.8 2.2 2.5; flat 2.2 Rock armor 
Decrease bank armor grade (Geotech).  Increase in 
limit of excavation needed (1.4 ft). Entire riverbank 
slope is armor. 

2.0 2.0 
0.8; 8.0; 
*3; *flat; 

2.4 

3.0; 7.8; 
flat; 2.4 Revegetation 

Top-of-bank armor reduced to 973.5 feet elevation
(Restoration).  Composite revegetation slope 
(Construction). 

 
X 

 
I 

508+50 1.2 2.2 1.0 2.2 Rock armor 
Decrease bank armor grade (Geotech).  Increase in 
limit of excavation needed (6.0 ft).  Entire riverbank 
slope is armor.  

5.4 5.4 4.5; 6.2; 
3.9 

4.5; 6.2; 
3.9 Revegetation Top-of-bank armor reduced to 973.5 

feet elevation (Restoration).   

 
 

X 

 
 

D 
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West Bank East Bank Estimated Station 
Impacts 

Bank Armor Slope Above Bank Armor Bank Armor Slope Above Bank Armor Station 

Existing 
Grade 
(H:1V) 

Proposed 
Grade 
(H:1V) 

Existing 
Grade 
(H:1V) 

Proposed 
Grade 
(H:1V) 

Stabilization 

Comments 
Existing 
Grade 
(H:1V) 

Proposed 
Grade 
(H:1V) 

Existing 
Grade 
(H:1V) 

Proposed 
Grade 
(H:1V) 

Stabilization 

Comments Excavation 
Increase 

FSC 
Change 

509+00 0.5 2.2 0.5; flat 2.2 Rock armor 
Decrease bank armor grade (Geotech).  Increase in 
limit of excavation needed (5.6 ft).  Entire riverbank 
slope is armor.  

4.5 4.5 4.3; -6.0; 
4.8; 1.5 

4.3; flat; 
6.6; 2.0 Revegetation 

Top-of-bank armor reduced to 973.5 feet elevation
(Restoration).  Composite revegetation slope 
(Construction/Geotech).   

 
X 

 
I 

509+50 2.1 2.2 NA 2.2 Rock armor 
Limit of excavation currently below 975 ft elevation.  
Increase in limit of excavation needed (9.3 ft).  
Riverbank all armor.   Decrease grade (Geotech). 

3.9 3.9 
*3.0; flat; 
1.0; 3.3; 

flat 

2.9; flat; 
3.4 Revegetation 

Decrease revegetation grade 
(Construction/Restoration).  Composite 
revegetation slope. 

  

510+00 2.3 2.2 NA 2.2 Rock armor 
Limit of excavation currently at 975 ft elevation. Rock 
armor ends at STA 510 + 25.  Increase in limit of 
excavation needed (4.9 ft).  

2.3 2.3 2.3; 4.0; 
flat 2.7; flat Revegetation Decrease revegetation slope (Construction).  

Composite revegetation slope. 

 
X 

 
I 

510+50 *2.2 2.2 2.5 2.5 Revegetation Small portion for revegetation (~ 3 ft slope length) – 
consider boundary extension? 1.0 2.0 1.0; -8.0; 

10.0; 4.0 4.7 Revegetation 
Decrease bank armor grade 
(Geotech/Restoration).  Change in revegetation 
slope (Construction).  

 
 

X 

 
 
I 

511+00 1.6 1.8 *2.6; flat 2.6; flat Revegetation Composite revegetation slope. 4.3 4.3 7.7; *2.9 7.7; 2.9 Revegetation Composite revegetation slope. 
  

511+50 1.8 1.8 1.8; 6.0 2.5 Revegetation Decrease revegetation grade (Construction). 1.5 2.0 *3.0 3.0 Revegetation Decrease bank armor grade (Geotech). 
  

512+00 2.0 2.2 2.0; *4.0 2.9 Revegetation Decreased bank armor and revegetation grades 
(Construction/Restoration/Geotech). 0.4 1.7 0.4; *1.8; 

flat 2.2 Revegetation Decrease bank armor grade (Geotech).     
 
 

X 

 

512+50 1.8 1.8 *14.6; 3.4 14.6; 3.4 Revegetation Composite revegetation slope. 1.2 1.7 1.3; 9.0 2.5 Revegetation Decrease bank armor grade (Geotech).   
 

X 
 

513+00 1.8 2.2 6.0; *flat 6.1; flat Revegetation 

Extra excavation to compensate fill at Sta 513+00 
East Bank.  Estimated so overall station X-area 
remained constant.   Decreased bank armor and 
revegetation grades (Restoration/Construction).  

0.8 1.7 0.8; 4.0 1.8; 4.8 Bioengineering 
 (3 soil lifts) 

Decrease bank armor grade (Geotech). Use rock 
swale for first 5.0 ft to tie in upstream end of soil 
lifts.  All soil lifts from Sta 513+00 to 514+00 are 
approximately same grade (Restoration). 

 
 

X 

 

513+50 *5.8 5.8 *5.4; *2.5; 
8.3 6.2; 3.3 Revegetation 

Extra excavation to compensate fill at Sta 513+50 
East Bank.  Estimated so overall station X-area 
remained constant.   Composite revegetation slope 
(Construction/Restoration).  Top-of-bank armor 
reduced to 973.5 feet elevation (Restoration).   

0.8 1.7 1.0; 1.5; 
4.0 1.8; 2.8 Bioengineering  

(3 soil lifts) Decrease bank armor grade (Geotech).  

 
 
 

X 

 

514+00 3.6 3.6 6.5; *3.4 6.0; 3.4 Revegetation Top-of-bank armor reduced to 973.5 feet elevation 
(Restoration).  Composite revegetation slope. 5.0; *1.0 1.7 1.6; *1.3 1.8; 2.0 Bioengineering 

 (4 soil lifts)   

Decrease bank armor grade 
(Geotech/Construction). Add one additional soil 
lift.  Bioengineering ends at STA 513+95.  Use 
rock swale to tie bioengineering into bank (513+95
to 514).  Swale could also be used for flood 
drainage from overland flow.  Increase in limit of 
excavation needed (3.2 ft). 

 
 
 

X 

 

 
Notes: 
(1) Bank slope lengths and grades based on R.F. Weston 2000 topography. 
(2) Assumed that bank armor elevation (975 feet) remains constant in this reach, except where noted. 
(3) Designations a, b, c, and d refer to subsections of a composite slope. "a" starts at top of bank armor and "d" is the last subsection near top of bank. 
(4) "*" indicates that two slopes were lumped into one slope (slight grade changes between them). 
(5) Bank armor elevation lowered to 973.5 ft in a few locations because bank slopes are relatively flat (<3:1), and these stations are located in the inside of a channel bend where sediment transport is expected to be depositional and velocities and shear stresses are expected to be relatively 

lower than the main channel.  The objectives are to lower armor costs and increase the revegetation area. 
(6) Design Comments: "CENAE Guideline" refers to recommendation by Don Wood (Corps) on 4/4/01 regarding maximum acceptable bank armor grades (i.e., 1.5:1). "Geotech" refers to maximum slope grade based on stability analysis conducted by Hart Crowser Inc. (L. Jen 4/4/01).  

"Restoration" refers to changes needed to meet restoration needs (e.g., armor grade transitions between stations, compensation needed to maintain flood storage capacity, or needs for bioengineering construction/design such as horizontal length of soil lift).  “Construction” refers to the 
needs to reconstruct restoration slope efficiently (e.g., reducing the number of slope grades). 

(7) FSC refers to Flood Storage Capacity (Estimated change: I = Increase, D = Decrease). 
(8) Rock armor is proposed for the hard structure design from Sta 508+00 to 510+00.  The existing bank armor will be extended above 975 ft elevation. Design slopes based on geotechnical assessment (i.e., Hart Crowser, Inc. slope stability analysis (L.Jen 4/12/01)).  Objectives for 

restoration included maintaining a constant grade (i.e., 2.2:1) and a relative constant elevation (i.e., 978 to 977 ft) through these stations. 
 



MK01|O:\20121001.103\FINAL BOD APPENDICES F TO J 022802.DOC  11/1/04 

Proposed Riverbank Grades and Stabilization Method - Drainage Swale 
 
(Reach 1; 1 1/2-Mile Reach; GE/Housatonic River Site; Pittsfield, MA) 

DRAFT CONFIDENTIAL, FOIA Exempt [April 17, 2001, Woodlot Alternatives, Inc. (ws/kh)]                                       

Station Bank Armor Comments Existing Restoration Slope 
(above armor) Morphology Proposed Restoration Slope 

(above armor) Slope Adjustment Proposed Stabilization Comments 

 Existing Proposed  Slope Leg Grade (H:1V) Slope Length 
(ft)  Bank Height 

(ft) 
Slope Length 

(ft) 
Proposed 

Grade (H:1V)    

 Toe Elev (ft) Height (ft) Horizontal 
Length (ft) 

Avg. Grade 
(H:1V) 

Slope Length 
(ft) 

Proposed 
Grade (H:1V)            

North Bank 

 
0+50 

 
970 

 
5 

 
12.9 

 
2.6 

 
13.9 

 
2.6 

 
Fill needed.  

Regrade slope. 

 
a 

 
1.7  

 
7.9  

 
Run 

 
3.8 

 
8.4 

 
2.0 

 
 

Revegetation 

 
Approximate equal fill and 
excavation. 

         
b 

 
-3.1 

 
4.3 

  
2.4 

 
4.4 

 
-3.1 

 
Excavation needed. 

Composite slope 
(small berm present 

on top of bank). 
 

 
 

       1+00 

 
 

972 

 
 

2.9 

 
 

7.7 

 
 

*2.7 

 
 

8.8 

 
 

2.7 

   
 

a 

 
 

3.7 

 
 

9.90 

 
 

Run 

 
 

2.5 

 
 

9.5 

 
 

3.8 

   
 

Revegetation 

 
 

1+50 

 
 

971 

 
 

3.3 

 
 

13.1 

 
 

4.0 

 
 

14.2 

 
 

3.4 

  
 

a 

 
 

*3.0 

 
 

10.00 

 
 

Run 

 
 

3.1 

 
 

10 

 
 

3.1 

 
 

Excavation needed.  
Regrade slope to 

3:1 

 
 

Revegetation 

South Bank 

 
0+50 

 
970 

 
5 

 
11.3 

 
*2.3 

 
12.5 

 
2.3 

 
Excavation and fill 

needed. 

 
a 

 
4.5  

 
2.5   

 
Run 

 
4.8 

 
13 

 
2.5 

Excavation needed.  
Regrade slope to 

2.5:1 

 
Revegetation 

         
b 

 
1.1  

 
6.2  

      

         
c 

 
15.8 

 
6.0 

      

 
 

1+00 

 
 

972 

 
 

3.1 

 
 

6 

 
 

1.9 

 
 

5.9 

 
 

1.9 

 
 

Fill needed. 

 
 

a 

 
 

2.1 

 
 

17.3 

 
 

Run 

 
 

7.7 

 
 

17.3 

 
 

2.1 

  
 

Revegetation 

 
1+50 

 
971 

 
4 

 
8.3 

 
2.1 

 
8.8 

 
2.1 

  
a 

 
2.5  

 
18.5  

 
Run 

 
9.3 

 
20.6 

 
2.0 

  
Revegetation 

         
b 

 
flat 

 
2.5  

      

Notes: 
(1) Bank slope lengths and grades based on R.F. Weston 2000 topography.   
(2) Assumed that bank armor elevation (975 feet) remains constant in this reach. 
(3) Designations a, b, c, and d refer to subsections of a composite slope. "a" starts at top of bank armor and "d" is the last subsection near top of bank 
(4) "*" indicates that two or more slopes were lumped into one slope (slight grade changes between them). 
 



 

APPENDIX H 
 

DESIGN CONSIDERATIONS OF BIOENGINEERING METHODS 
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Relative comparison of design factors for each bioengineering alternative [Woodlot Alternatives, Inc 4/2/01]: 
 

Factor Vegetated 
Geogrid1 Rock Wall Terraces2 Live Fascines Brush Layers Brush Mattress 

Relative Cost3 $415/lf $415/lf $311/lf $422/lf $360/lf 

Maximum Slope Applicability 1:1 2.25:1 2.5:1 1.5:1 2:1 

Additional Cut or Fill Fill Cut  No Change No Change No Change 

Initial Slope Stability High High Moderate Moderate Moderate 

Long-term Stability High High High High High 

Complexity for Construction High High Low High Moderate 

Labor/Time High High Moderate Moderate Moderate 

Training Needed High High Moderate Moderate Moderate 

Maintenance Low Low Low Low Low 

Ease of Replanting Moderate Easy Easy Moderate Moderate 

Construction Schedule Flexibility High High High Low Low 

Plant Contract Complexity Moderate Moderate Moderate Moderate Moderate 

Installation Period4 Year-round Year-round Nov-May Nov-May Nov-May 

Ease of Merging with Other Structures Varies Complex Easy Varies Easy 
 

Note: 
1. Relative cost estimate for vegetated geogrid is based on using two vegetated geogrids (i.e., soil lifts).  If three geogrids are used, the cost increases to approximately 

$500/lf.   
2. Relative cost estimate for rock wall terraces is based on using one 3-foot wall.  If two 3-foot walls are used, the cost increases to approximately $620/lf. 
3. Relative cost estimates are based on the best available information and include costs of topsoil, plants, fill, materials, equipment, transportation, and labor.  Costs 

presented are based on a typical bank configuration for a 50-foot section of bank (one side only), with a slope length of 20 feet, a slope of 2.5 H: 1V, and a total area of 
1,000 square feet.  

4. Installation period for geogrids and rock terraces assumes cuttings would be used Nov-April and containerized plants would be used April -Nov.  Total plant costs 
include propagation, storage, handling, and installation, and are approximately the same for cuttings and containerized plants.   



 

MK01|O:\20121001.103\FINAL BOD APPENDICES F TO J 022802.DOC  11/1/04 

 



 

MK01|O:\20121001.103\FINAL BOD APPENDICES F TO J 022802.DOC  11/1/04 

 
 

Vegetated Geogrid 
 
 

Considerations 
 
• Can be installed on slopes up to 1H:1V. 
• The soil lifts have a relatively high initial tolerance (2-4 years) of scour from flow velocity 

before the installed plants stabilize the slope. 
• Requires stable foundation and bank toe support, and may require additional fill depending 

on existing grades. 
• Plants in soil lifts provide or enhance slope drainage and help establish riparian vegetation 

community. 
• Allows use of dormant cuttings between November and April. 
• Containerized plants would be required during the growing season, April – Nov. 
• Geogrids could be constructed any time of the year. 
• Total costs for cuttings and containerized plants are approximately equal when storage, 

handling, shipping, and installation are considered. 
• Refrigeration could also be used to extend construction period for cuttings but survivorship 

may be low 
• Labor intensive to install, needs a skilled crew. 
• Fabric can be natural (coir) or synthetic geotextile.  Synthetics last longer but not as natural 

in appearance. 
• Long-term slope stability depends on cutting and containerized plant establishment. 
• Can be merged with other structures. 
• Can be replanted but would require live stakes and/or containerized plants, which may cause 

some local geogrid instability. 
• If cuttings are used plant diversity decreases.  Only limited species are applicable for the 

given site conditions. 
• “Rooted socks” could also be used but may add construction complexity (storage, planting 

dates unknown) and have limited success in other areas of western Massachusetts. 
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Rock Walls with Terraces 
 

 
Considerations 
 
• Boulders (1-3 ft diameter) would be installed on the slope to form low (2 – 3 feet high) 

retaining walls and shallow (< 3H:1V) terraces. 
• One or two low walls would be needed, depending on the slope length and angle. 
• Geotextile and soil compaction measures needed. 
• May be a stability problem if rocks are not properly keyed in or anchored to the slope (key in 

depth approximately 1.5 to 2 feet). 
• Requires a source of angular rock/boulders 1-3 feet in diameter.  May increase shipping 

costs. 
• Dormant cuttings and/or containerized plants can be used between boulders within the wall.   
• Could be constructed anytime of the year. 
• Requires skilled crew to build wall. 
• Installation for cuttings should occur between November to April.   
• Containerized plants would be required during the growing season (April to Nov) . 
• To maintain 3-foot fill over the excavation limit, some additional excavation is required, 

which increases remediation costs. 
• May be more difficult to merge with other bank stabilization measures (e.g., a slope with 

terraces to a uniform grade slope). 
• Can be easily replanted if needed. 
• May be used in areas where terraces currently exist and mimic natural floodplain 

geomorphology. 
• If installed properly should provide long-term site stability with low maintenance. 
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Live Fascines 
 
 
Considerations 
 
• Installed along the slope parallel to river, can provide dam-like trapping of sediments from 

bank surface erosion.   
• Does not immediately protect slopes from flow velocities. 
• Often installed in combination with erosion blankets to protect soil in between fascines. 
• For site conditions (fill slopes with 3 ft of fill) they are appropriate on slopes less than 

2.5H:1V. 
• Requires a minimum amount of soil disturbance to install. 
• Needs to be installed during dormant seasons unless refrigerated storage is available. 
• Requires large amount of live cuttings.  Storage needed. 
• Installation of dormant cuttings occurs between November and April. 
• Can be installed after banks have been reconstructed but trenches need to be dug prior to 

erosion blanket installation. 
• Cuttings limited to narrow range of species (2 – 3) for the given site conditions and review of 

stabilization experiences in western Massachusetts. 
• Containerized plants and seeding installed between rows of fascines to increase species 

diversity. 
• Trained labor needed to install. 
• Number of rows of fascines inversely proportional to steepness of slope. 
• Long-term slope stability depends on fascine and containerized plant establishment. 
• Can be easily replanted if needed. 
• Relatively inexpensive. 
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Brush Layering 
 
 
Considerations 
 
• Similar to vegetated geogrid but does not provide as much immediate protection from 

scouring at higher flows. 
• Typically appropriate for slopes less than 2H:1V. 
• Requires large amounts of live plant materials and labor to install. 
• Limited to dormant seasons unless refrigerated storage is available. 
• Provides some initial protection from higher flows and surface erosion (<3 years) by adding 

bank roughness/trapping of sediments. 
• Depends on vegetation establishment from cuttings for long-term bank erosion. 
• Installation of dormant cuttings occurs between November and April. 
• Cuttings limited to narrow range of species (2 – 3) for the given site conditions and review of 

stabilization experiences in western Massachusetts 
• Trained labor needed to install. 
• Number of rows inversely proportional to steepness of slope. 
• Long-term slope stability depends on brush layer and containerized plant establishment. 
• Difficult to replant if needed. 
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Brush Mattress 
 

 
Considerations 
 
• Forms an immediate, protective cover over the streambank. 
• Typically appropriate for slopes less than 2H:1H. 
• Requires large amounts of live plant materials and labor to install. 
• Limited to dormant seasons unless refrigerated storage is available. 
• Depends on vegetation establishment from cuttings for long-term bank erosion. 
• Installation of dormant cuttings and/or rooted plants occurs between November and April. 
• Cuttings limited to narrow range of species (2 – 3) for the given site conditions and review of 

stabilization experiences in western Massachusetts 
• Relatively simple design. 
• Containerized plants and seeding installed above the brush mattress to increase species 

diversity. 
• Trained labor needed to install. 
• Length of mattress proportional to steepness of slope. 
• Long-term slope stability depends on brush layer and containerized plant establishment. 
• Requires equipment to replant. 
 



 

APPENDIX I 
 

DESIGN CALCULATIONS FOR WING DEFLECTORS  

MK01|O:\20121001.103\FINBOD.DOC  11/1/04 



 

MK01|O:\20121001.103\FINAL BOD APPENDICES F TO J 022802.DOC 

Single Wing Deflector Calculations 
[Woodlot Alternatives Inc., 12/29/01] 

 
 
                                                                                                      
                                                                                     Flow           
                          45°           
                                                 
                                                                          
            (L )        deflector 
                                           
 
 
 
river              
bank                               DW    
 
 
                                                                                 
                                                                         CW      
 
              = Boulders (2 to 2.5 ft dia)          For rock sizes within the deflector see Sheet 20. 
 
(1) Effective deflector width (DW ) = 0.3 * Low-flow channel width (CW )    
[0.3 was used to limit backwater effects while meeting restoration objectives (Fischenich 
(2001a)]. 
 
(2) Deflector width and length: 
 
@ STA 504 to 507     Average CW = 62.5 ft              DW ~  20 ft 
         Deflector length (L) = (20 ft – 3 ft) * 2= ~ 35 ft 
 
@ STA 510 to 514       Average CW = 59.0 ft             DW  ~  18 ft 
         Deflector length (L) = (18 ft – 3 ft) * 2 =~ 30 ft 
 
[Low-flow channel widths determined from field measurements (Woodlot Alternatives 
(2000)]    
 
 



 

APPENDIX J 
 

BOULDER STABILITY CALCULATIONS 

MK01|O:\20121001.103\FINBOD.DOC  11/1/04 



 

MK01|O:\20121001.103\FINAL BOD APPENDICES F TO J 022802.DOC 

BOULDER STABILITY ASSESSMENT 
[Woodlot Alternatives, Inc (2/15/02)] 

 
A. Critical Shear Velocity Approach  (Fischenich and Allen, 2000) 
 
 (1) HEC-RAS Results (Hart Crowser 3/01) 
  Assume Elm Street Bridge in not re-constructed 

 Avg shear stress (τ avg) and velocity @ design flood (Q10 
 = 4375 cfs)  

  Occurs @ STA 502: 
   Avg Vel= 6.5 ft/s 
   τ avg  = 0.4 lbs/ft2     
  
 (2) Calculate critical shear velocity (V*c) 
  Assume τ max = 3 * τ avg ; Using τ avg = 0.4 lbs/ft2 ; τ max  = 1.2 lbs/ft2  
 
  V*c  = (gRs)1/2      where g is the acceleration of gravity 32.2 ft/sec2 ;  
                  R is the hydraulic radius; 
       S is slope (friction) 
 
    τ = γRs               where γ is the specific weight of water 62.3 lbs/ft3  
    

 solving for R;  R= τ/γs  and substituting into critical velocity equation: 
   V*c  = (gτ/γ)1/2  = [(32.3 ft/sec2 *1.2 lbs/ft2 )/ 62.4 lbs/ft3 ]1/2  
   V*c  = 0.8 ft/s   
 

  Using Table 2.9 of Fischenich and Allen (2000) 
                          Diameter of stable rock (dstable)= 3.0 in (approx)  =>small cobble 
  
 (3)  Assume Factor of Safety of 2.0 
 
  V*c  = 0.8 ft/sec * 2 = 1.6 ft/sec  [Use Table 2.9] 
  dstable ~12 in (small boulder) 
 
Therefore, boulder sizes proposed for the final design are 2.5 ft diameter (min), 
which is larger than the minimum size estimated above, and would be stable at the 
design flood. 
 
Note: Another method to determine boulder stability would be to use Table 7.7  
(Fischenich and Allen, 2000), which estimates the threshold critical velocity and critical 
shear stresses that would be needed to move various sediment sizes.  This method 
essentially yields similar results as the above analysis because both Table 2.9 and 7.7 are 
based on the same principles (i.e., the forces acting on the boulder).  For example, 
boulders used in the final design have average diameters of 2.5 ft or greater and to move 
this size would require a critical shear stress of approximately 10 lbs/ft2 (Table 7.7) or a 
critical shear velocity of approximately 2.4 ft/sec (Table 2.9).  The critical shear velocity 
calculated above is less than this value and, therefore, this boulder size would be stable.   
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Wing Deflector Scour Analyses 
[Hart Crowser, Inc; 7/9/01] 

 
 

Table K-1 Analysis of Rock Deflector as Bend 
 Input Storm Year     
   0.5-yr     
Rock Deflectors              
  Station  503+50   TK =1 TK=1.5 
  Velocity  5.23   5 5.23 
  Flow Depth 5.9   6 5.9 
  D30     0.36 0.32 
  D100          9" 9" 
        
        
        
        
 Assessment of Riprap Size   Rock    
     Deflectors    
 Side Slope  5    
 Bend Radius  100    
 Water Surface Width 60    
 Layer Thickness (xD100) 1    
 Unit Weight of Stone 165    
 Safety Factor  1.1    
 Station Start  500+00    
 Station End    514+00    
        
 
         
        
        
        
        
        
        
        
        
        

Notes: 
1. For Rock Deflectors, worst case was assumed to be the station which had the highest 
velocity and lowest depth for storms between 0.5- and 2-yr return period. 
2. Bend radius and water surface width estimated between rock deflectors 
3. Side slope of 5:1 at rock deflector assumed because scour potential would be on bed in 
vicinity of deflector. 
4. D30 calculated from Riprap 15 program.  D100 chosen from Table 3-1, EM-1110-2-
1601 (USACE, 1994), assuming that the D30 of the riprap gradation > D30 calculated. 
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Table K-2 Contraction Scour Through Rock Deflectors  
  Parameter    Storm Interval  
     0.125-yr 0.25-yr .5-yr 
Upstream flow stage1   972.9 974.6 975.7 
Channel Invert   969.4 969.4 969.4 
Upstream flow depth2 y1 3.5 5.2 6.3 
Upstream flow width3 W1 87 93 96 
Flow width through constriction4 W2 62 68 71 
Representative Grain Size D30 111 111 111 
Shear stress5   0.09 0.12 0.14 
Critical shear stress6   1 1 1 
    Bc/B 0.7 0.7 0.7 
    Tc/T 11.1 8.3 7.1 
    ∆z/h -0.52 -0.47 -0.44 
Scour Depth7   ∆z -1.8 -2.5 -2.8 
        
 
         
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
 

Notes 
Parameters were chosen from HEC-RAS analysis of current conditions to represent worst-case 
conditions in reach where rock deflectors were to be placed (stations 503+00 to 507+00 & 510+00 
to 513+50). 
1. Maximum stage (ft) estimated from station 503+00 
2. Flow depth (ft) = Upstream stage - Channel Invert at station 503+00 
3. Width (ft) = Top Width at station 503+00 
4. Constricted width (ft) assumes deflectors extend 25 feet into flow.  Constricted Width =Width - 25 
feet 
5. Maximum shear stress (lb/ft2) estimated from station 503+50 
6. Critical shear stress (lb/ft2) estimated from Table X-3 Incipient Motion Conditions 
7. Scour Depth (ft) calculated based on the Gill Equation (Gill, 1972) 
Gill Equation 
∆z/h=((Bc/B)^(-6/7)*((Bc/B)^(-2/3)*(1-τc/τ)+τc/τ)^(-3/7)-1) 
∆z = contraction scour depth 
h = approach water depth 
Bc = constricted channel width 
B = approach channel width 
τc = critical shear stress  
τ = shear stress (obtained from HEC-RAS analysis) 
 
Predicted scour <0 suggest that scour is unlikely. 
Flows greater than the 0.5-year were not evaluated.  It was assumed that this equation did not 
correctly represent conditions at higher flows because it assumes all flow passes through the 
constriction.  It was assumed that at higher flows the deflectors acted more as roughness elements 
than constrictions. 
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Table K-3 Incipient Motion Conditions 
Critical Shear Stress Calculation           
Unit Grain       Τcritical Bottom   Τcritical Side Slopes AVERAGE CRITICAL 
  Size φ θ S and H Lane(Fig. 7.7)Shields  S and H Lane Shields SHEAR STRESS 
      Tc Tc      Tc Tc   BOTTOM SIDES 
        fines clear Tc     Tc     
mm ft fig 7.16  lb/ft2 lb/ft2 lb/ft2 lb/ft2 K lb/ft2 lb/ft2 lb/ft2     

0.1 3.3E-04 0.49 0.46 0.003 0.08 0.02 0.002 0.104 0.0003 0.0052 0.000 0.026 0.002
1 3.3E-03 0.51 0.46 0.012 0.09 0.03 0.016 0.167 0.0021 0.0100 0.003 0.037 0.005

10 3.3E-02 0.56 0.46 0.203 0.25 0.15 0.159 0.322 0.0652 0.0644 0.051 0.190 0.060
25 8.2E-02 0.57 0.46 0.507 0.5 0.4 0.397 0.350 0.2042 0.1576 0.139 0.451 0.167
50 1.6E-01 0.59 0.46 1.014 1 0.8 0.794 0.403 0.4084 0.3626 0.320 0.902 0.364

100 3.3E-01 0.66 0.46 2.027 2.5 1.5 1.587 0.528 1.0705 1.0562 0.838 1.904 0.988
Physical Parameters            
g γ γs for Shields Eqn          
ft/s2 lb/ft3 lb/ft3   βs          

32.2 62.4 165.36  0.047         
 
               
              
              
              
              
              
              
              
              
              
              
              

Notes: 
Grain size for which incipient motion was calculated 
φ = internal friction angle of material 
θ = side slope angle (radians).  Assumed 2:1 slope q = arctan(1/2) 
Equations from Simons and Senturk, 1992. 
 Shulits and Hill (S and  H) 
Tc = 0.0215*Ds^0.25 if 0.0003 < Ds <0.0009, 
Tc = 0.315*Ds^0.633 if 0.0009 < Ds <0.0018, 
Tc = 16.8*Ds^1.262 if 0.0018 < Ds <0.022, 
Tc = 6.18*Ds if Ds >0.022 
Where Ds = characteristic grain size 
2. Lane, Critical Tractive Force 
Shear stress read from Figure 7.7 in Simons and Senturk, 1992. 
3. Sheilds Equation 
Tc=γs'Ds*βs 
 
Equations calculate critical shear stress for bed.  Critical shear stress on banks estimated as 
follows: 
Tc sides = Tcbottom*K 
where K = COS( θ)*(1-(TAN(θ))^2/(TAN(φ))^2) 
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Table K-4 Rock Deflector Spill Over  
               
Mat'l Head   Velocity           Schoklitsch Jager   Avg  
Size Drop1 Velocity2 Head H3 q4   H5 hd6 ds7 S8 ds9 S8 S  
  ft ft/s ft ft cfs/ft cms/m m m m ft m ft ft  
A 2.00 6.0 0.6 2.6 5.7 0.53 0.8 1.07 0.65 -1.36 0.78 -0.95 -1.15 
B 2.00 6.0 0.6 2.6 5.7 0.53 0.8 1.07 0.60 -1.54 0.71 -1.18 -1.36 
C 2.00 6.0 0.6 2.6 5.7 0.53 0.8 1.07 0.55 -1.68 0.66 -1.35 -1.51 
               
 Flow Parameters   Material Properties          
 Q B g  Mat'l D100 D90 D90       
        Size inch ft mm       
  cfs ft    A 9 0.53 159       
 500.0 87 32.2 B 12 0.70 210       
     C 15 0.88 264       
               
               
               
 
                
               
               
               
               
               
               
               
               
               
               
 

Notes 
1. Approximate head drop through sheet pile constriction. 
2. Velocity based on approximate maximum velocity in design reach for 0.5-, 0.75-, 1-, 1.5-, and 2-yr storms.  It is assumed that larger 
storms will drown out the deflectors  
3. Total Head difference = head drop + velocity head 
4. q = flow/unit width 
5. H  in meters 
6. hd = downstream water depth 
7. ds =scoured water surface depth downstream = 4.75*H^0.2*q^0.5/D90^0.32 
8. S = scour depth = hd - ds 
9. ds =scoured water surface depth downstream ==6*H15^0.25*G15^0.5*(I15/K6)^0.3333 
10. Equations listed in Simons and Senturk, 1992 
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SCENARIO I 
 

SHEET PILE DESIGN 
SHEETING LINE ALONG CENTERLINE OF RIVER (3-FT CUT) 
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APPENDIX B 
 

(REF: USS STEEL SHEET PILING DESIGN MANUAL) 
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SCENARIO II 
 

SHEET PILE DESIGN 
SHEETING LINE ALONG CENTERLINE OF RIVER  

(WORST-CASE SCENARIO [5-FT CUT]) 
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PIPING ANALYSIS 
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